A total of 273 Escherichia coli isolates from raw and treated municipal wastewaters were investigated to evaluate the frequency and persistence of antibiotic resistance and to detect the occurrence of conjugative R plasmids and integrons. The highest resistance rates were against ampicillin (22.71%), tetracycline (19.41%), sulfamethoxazole (16.84%) and streptomycin (14.28%).
INTRODUCTION
The worldwide increase in water consumption leads to the generation of more wastewater in urban areas and makes more important the use of reclaimed water for different purposes. Reclaimed wastewater can be used for different non-drinkable applications in industry and, especially, in agriculture. Wastewater used for irrigation must be submitted to treatments for the removal of pathogens in order to avoid health risks, mainly of enteric infections, for crop consumers, producers and handlers. According to the microbiological guidelines for safe use of wastewater in agriculture developed by the World Health Organization (WHO) and more recently revisited by Carr et al. (2004) , less than 0.1 intestinal nematode eggs must be detected in 1 litre, while up to 1,000 faecal coliform bacteria per 100 ml can be tolerated for unrestricted irrigation. In the United States, much stricter wastewater quality standards for irrigation are recommended by the Environmental Protection Agency (Anon 1973) but, lacking federal standards for the quality of reclaimed water, individual states have developed guidelines mainly based on the daily monitoring of faecal coliform bacteria on a single, 100-ml sample, assuming a predictive relationship between indicator microorganisms and pathogen presence (Carr et al. 2004) ; however, new strategies in monitoring reclaimed water are required, because of the imperfect relationship between coliform bacteria and pathogens (Leclerc et al. 2001;  derive from the persistence in treated wastewater of Escherichia coli carrying conjugative R plasmids and integrons.
Antibiotic-resistant E. coli surviving treatment processes enter the environment and can be ingested by people through contaminated crops. Experimental studies have shown that enteric pathogens can become antibiotic resistant by acquiring conjugative R plasmids from E. coli in the intestine (Poppe et al. 2005) . However, there are relatively few available data on the prevalence of conjugative R plasmids and integrons in E. coli in wastewater used for irrigation (Ferreira da Silva et al. 2007 ).
The aims of the present study were: (i) to determine the frequency of antibiotic resistant E. coli in municipal wastewaters after treatments able to eliminate other pathogenic microorganisms (Salmonella spp. and nematode eggs); (ii) to verify the persistence of antibiotic resistances in the E. coli surviving in secondary treated effluents and in tertiary treated (polished) waters used in agriculture;
(iii) to verify the transferability of resistance determinants of isolates exhibiting representative antibiotic resistance patterns; and (iv) to detect conjugative R plasmids and class 1 integrons in antibiotic-resistant isolates.
METHODS

Treatment plants
Two municipal wastewater treatment plants with an activated sludge system and different cleaning stages, located in two different towns (Caltagirone and San Michele di Ganzaria) in Sicily (Italy), were selected for the present investigation. Technical data for the two plants are shown in Table 1 . The secondary effluent from biological treatment (activated sludge) in plant A was polished (tertiary treatment) by storage in a deep reservoir, while the secondary effluent from biological treatment (activated sludge) in plant B was polished (tertiary treatment) in a constructed wetland. Polished (tertiary) effluents from both plants are used for irrigation in agriculture.
Sample collection and processing
For this investigation, 108 sewage samples (11 litres each), 72 from plant A and 36 from plant B, were aseptically collected over a 1-year period, from January to December 2004, using sterile screw-capped bottles (1 litre) and tanks (10 litres).
At treatment plant A, samples were collected every two weeks from the inflow (crude wastewater), from the secondary clarifier effluent (after biological treatment) and from the deep reservoir effluent (polished water), while at treatment plant B samples were collected every month from the inflow (crude wastewater), from the secondary clarifier effluent (after biological treatment) and from the constructed wetland (polished water). All samples were transported in a refrigerated state (þ 48C) to the laboratory for immediate processing. Salmonellae were detected and quantified by a MPN (most probable number) procedure using Salmosyst broth (Merck, Darmstadt, Germany) as a liquid medium for both pre-enrichment and selective enrichment and Rambach agar (Merck) for plating according to a procedure for rapid detection and isolation of these bacteria (Pignato et al. 1995) . In brief, one 50 ml and three 10 ml aliquots of double concentrated liquid medium were inoculated with an equal volume of water sample, while separate 10 ml aliquots of normal concentrated liquid medium were inoculated with 1 ml and 0.1 ml, respectively, and in triplicate. Nematode eggs were detected in 10 l volumes according to the procedure recommended by Ayres & Mara (1996) .
Antibiotic susceptibility testing E. coli isolates were screened for resistance to ten antibiotics Microbiology (Soussy et al. 2000) .
Resistance transfer determination
Resistance transfer was tested for 24 ampicillin-resistant E. coli isolates from inflow, secondary effluent and polished waters exhibiting representative antibiotic resistance patterns. E. coli C1a (NalA) resistant to nalidixic acid was used as the recipient strain. Equal volumes (1 ml and 1 ml) of broth cultures of donor and recipient strains at logarithmic phase were mixed and incubated for 18 h at 378C. Transconjugants were selected on Mueller-Hinton Agar supplemented with ampicillin (100 mg ml 21 ) and nalidixic acid (64 mg ml 21 ).
Transfer frequencies were calculated as the numbers of resistant recipient bacteria arising per resistant donor, given as the means of duplicate experiments.
Plasmid analysis
Plasmid DNA was purified from transconjugants by an alkaline lysis procedure (Takahashi & Nagano 1984 ) and subjected to 0.8% agarose gel electrophoresis in TBE 0.5x at 100 V for 1 h. The molecular size of plasmids was 
PCR amplification
Total DNA was extracted using the InstaGene Matrix kit (Bio-Rad) in accordance with the manufacturer's 
Data analysis
Data comparison was performed using the Chi-square test 
RESULTS AND DISCUSSION
Concentrations of E. coli, Salmonella spp. and nematode eggs in inflow crude sewage, effluent from secondary clarifiers and in polished water from the two sewage reclamation facilities are shown in Table 2 . Although E. coli showed a 2 log reduction in the secondary effluent of both plants and a further 2 log reduction in the polished waters, surviving E.
coli reached the receiving soils. Salmonella spp. belonging to different serovars and nematode eggs were commonly detected in crude wastewater inflows and occasionally in the secondary effluents but they were never detected in polished waters of both treatment plants. Crude influent Polished water 32 15.6 15.6 6.2 9.4 9.4 3.1 0.00 0.00 21.9 * 0.00 9.4 9.4 9.4
antibiotic resistant strains was found among E. coli isolates surviving the treatment processes.
Previous studies on antibiotic resistance of E. coli isolates from wastewater have produced rather variable results, although high rates of resistances have been reported for several antibiotics, particularly against ampicillin, tetracycline and chloramphenicol (Krcmery et al. 1989; Tamanai-Shacoori et al. 1995; Goni-Urriza et al. 2000; Reinthaler et al. 2003) . In our study, the highest resistance rates were to ampicillin, tetracycline and sulphonamides, while a relatively low frequency of chloramphenicol resistance was found, possibly in relation to a limited use of this antibiotic in Italy in recent years.
The fate of resistant bacteria in the course of the wastewater treatment processes and in the environment is questioned. In some studies, it was observed that the percentages of resistant E. coli and coliform isolates were decreasing during the treatment processes and, in most cases, were lower in the recipient river water than in the wastewater effluent (Gonzalo et al. 1989; Iwane et al. 2001; Guardabassi et al. 2002) , leading to the conclusion that strains carrying antibiotic resistance factors have lower survival rates than susceptible bacteria in the environment. In contrast, Reinthaler et al. (2003) , studying E. coli isolates from sewage, sludge and receiving waters, did not find a significant decrease in the resistance rates in the course of the treatment processes, Our results showed a reduction of the percentages of resistant and multiple resistant E. coli isolates in the course of the processes from crude wastewaters to polished waters, mainly from crude wastewaters to secondary effluents. Although the differences were not significant at the p , 0.05 level, the lack of significance may reflect the small size of the sample, rather than the reality of the trend. However, even if the treatment processes were efficient in reducing the number of pathogens enough to fulfil the WHO guidelines for the safe use of wastewaters in agriculture, a high proportion of E. coli isolates with multiple antibiotic resistance was found to survive in polished waters from both plants.
Multiple antibiotic-resistant bacteria can spread their antibiotic-resistance genes to susceptible strains of the same species or to other species or genera by different mechanisms, mainly by conjugative R plasmids (Opal & Medeiros 2005) . Mispagel & Gray (2005) showed that wastewater oxidation ponds discharged high numbers of antibiotic resistant bacteria containing transferable plasmids, surviving the treatment process. We also studied the capacity of E. coli isolates from crude wastewaters, secondary effluents and polished waters to transfer their antibiotic resistances.
The use of a highly mutated laboratory recipient strain (E. coli C1a) probably determined transfer frequencies lower than those observed using natural isolates (Mach & Grimes 1982) . Although the frequencies of transfer were low in our experiments, in natural conditions bacteria could effect significant transfer of their genetic materials in the absence of antibiotics as selective agents (Mach & Grimes 1982; Kruse & Sørum 1994; Marcinek et al. 1998) .
Genetic analysis demonstrated that the conjugative antibiotic-resistant isolates carried a variety of R plasmids which could be differentiated on the basis of their molecular size and restriction profiles. Furthermore, several isolates harboured class 1 integrons, known to be able to capture genes, notably those encoding antibiotic resistance.
The interest in epidemiological studies of the role of integrons in the spread of antibiotic resistance among bacterial populations has recently been stressed (Norrby 2005) .
The frequency of integrons is high in Gram-negative clinical isolates, up to 57% for class 1 integrons in E. coli isolates (Rao et al. 2006) . The percentage of our multiresistant E. coli harbouring integrons was lower than that reported for clinical isolates, but exceeded that recently published by Ferreira da Silva et al. (2007) , who detected integronspecific regions, with sizes in the range 1 -1.5 kbp or more, in 10% and 9.6% of E. coli spp. isolates from crude and treated wastewater, respectively. However, the selection of our isolates on the basis of their ampicillin resistance may have led to an overestimation of these genetic elements.
CONCLUSIONS
Although wastewater treatments proved to be effective in reaching WHO microbiological standards for safe use of wastewater in agriculture, they were ineffective in reducing significantly the frequency of plasmid-mediated multiple antibiotic resistance in surviving E. coli. Furthermore, the presence of a variety of conjugative plasmids and integrons was detected in the multiresistant E. coli isolates. These data contribute to raise questions on the importance of multi- 
